Background: The origin of patellofemoral pain (PFP) may be associated with the inability of the patellofemoral joint cartilage to absorb and distribute patellofemoral joint forces.
Patellofemoral pain (PFP) is one of the most common disorders of the knee, with as many as 22% of the general population reporting symptoms. 32 Despite the high incidence of PFP, the pathophysiology of this disorder remains unclear. One hypothesis regarding the cause of PFP is related to the failure of the articular cartilage to adequately dissipate contact forces in response to patellofemoral joint loading. 22, 41 Because articular cartilage is aneural, 3 changes in patellofemoral joint cartilage characteristics (ie, structural and material properties), as well as impaired deformational behavior, could affect the biomechanical load transfer through the articular cartilage, placing greater stress on the highly innervated subchondral bone. 3, 21, 22 From a mechanical perspective, altered patellar cartilage characteristics could play a significant role in the genesis of patellofemoral joint disorders. Because articular cartilage acts as a deformable medium, its load-bearing capacity is directly related to its thickness. 46 Patellar cartilage also has a high degree of compliance and permeability to fluid flow. 20 Thus, alterations in the biochemical balance of the tissue could impair its energy absorption capacity.
Quantitative in vivo investigations of the morphologic and biochemical properties of the articular cartilage can provide useful insight related to patellar cartilage health and dysfunction. It has been reported that quantitative imaging techniques are able to detect cartilage changes that reflect degenerative processes. 11, 13 For example, transverse (T2) relaxation time has been proposed as a noninvasive method to assess the mechanical properties of the articular cartilage in vivo. 36 The potential diagnostic value of T2 relaxation time is in its ability to detect early changes in cartilage properties, such as changes in the compressive stiffness of the tissue. 30, 40 Elevated T2 relaxation time has also been shown to be associated with cartilage damage and disease. 10, 37 Aside from baseline cartilage properties (ie, thickness and T2 relaxation time), knowledge of the in vivo tissue behavior in response to loading is important to understanding cartilage health and pathologic abnormalities. Recent studies suggest that healthy human patellar cartilage deforms 2% to 3% during everyday weightbearing activities such as walking. 14 Intense exercise has been reported to result in an additional 2% to 3% deformation beyond that encountered during normal daily activity. 12, 14, 16 For example, Eckstein and colleagues 18 reported a 6% reduction in patellar cartilage volume following 50 knee bends in healthy volunteers. However, performing 100 repetitions or multiple sets of 50 knee bends did not increase the magnitude of patellar cartilage deformation, suggesting that an optimal level of in vivo deformation exists for healthy tissue. 17 A recent investigation of the patellar cartilage response to loading has provided evidence of reduced deformational behavior in the elderly. 27 Hudelmaier and colleagues 27 reported that patellar cartilage deformation after 30 knee bends was 2.6% and 2.2% in elderly women and men, respectively. This deformation was significantly lower than that observed in young women (4.5%) and young men (6.2%), leading the authors to theorize that cartilage deformation may be influenced by tissue material properties. The observation of a reduced cartilage deformation has important implications for cartilage biology; that is, a decrease in mechanical stimulation of chondrocytes under physiologic loading conditions may be linked to decreases in proteoglycan synthesis and cartilage injury. 4, 45 To date, no study has compared differences in patellar cartilage deformation between individuals with PFP and those who are pain-free. It is conceivable that alterations in the deformational behavior of the patellar cartilage may be responsible for the activity-induced symptoms commonly reported in this patient population.
Apart from cartilage deformation, the interstitial fluid flow during physiologic loading has been suggested to be a potent regulator of the biosynthetic activity of chondrocytes, thus influencing cartilage tissue properties. 28, 50 To that end, T2 relaxation time has been suggested as a sensitive in vivo biomarker of cartilage interstitial fluid movement. 34, 35 Because the solid phase of the articular cartilage can be assumed as incompressible, 39 the morphologic changes of the tissue following a bout of loading could be attributed to the loss of interstitial fluid from its extracellular matrix. 16 To date, no study has evaluated differences in T2 relaxation time of the patellar cartilage in young active women with PFP after an acute bout of loading.
The purpose of the current investigation was to compare patellar cartilage thickness and T2 relaxation time between a group of young active women with PFP and a group of age-, height-, weight-, and activity-matched pain-free controls. A second objective of our study was to evaluate whether the patellar cartilage of individuals with PFP demonstrates a less adaptive response to an acute bout of lower extremity exercise, when compared those who are pain-free. We hypothesized that women with PFP would demonstrate decreased patellar cartilage thickness, along with an elevated cartilage T2 relaxation time, when compared with a pain-free control group. We also hypothesized that individuals with PFP would demonstrate less patellar cartilage deformation as well as less change in cartilage T2 relaxation time postexercise.
MATERIALS AND METHODS

Participants
Twenty participants were recruited for this study: 10 women with PFP constituted the experimental group, whereas 10 pain-free women served as the control group (Table 1) . Individuals with PFP were admitted to the study if their pain originated from behind the patella (ie, retropatellar pain). Participants were accepted if they reported an insidious onset of symptoms of at least 3 months in duration and no history of previous trauma or subluxation. Before participation, all participants were informed of the nature of the study and signed a human subjects consent form approved by the Health Sciences Institutional Review Board of the University of Southern California. A score of 100 on the Anterior Knee Pain Scale indicates no anterior knee pain or disability. 29 Participants were screened through physical examination to rule out evidence of large knee effusion, crepitus, and peripatellar pain. This process included palpation of the soft tissues around the patellofemoral joint to identify the location of pain. If the source of pain was localized to the quadriceps tendon, patellar tendon, patella bursa, patella fat pad, tibiofemoral joint, or the lateral and medial menisci, the participant was disqualified from the study. The screening process also included a functional assessment of activities commonly associated with PFP (squatting, stair climbing, isometric quadriceps contraction). Participants were included in the study if they reported pain of at least 3 out of 10 (based on a visual analog scale) with one or more of the aforementioned functional tasks. The PFP participants were also excluded from participation if they reported having any of the following: (1) history of knee surgery, (2) history of traumatic patellar dislocation, (3) neurologic involvement that would influence performance of various functional activities, or (4) implanted biological devices that could interact with the magnetic field.
Participants in the control group were age, height, weight, and activity matched (610%) to those in the PFP group. Participants' physical activity levels were determined based on the World Health Organization's Global Physical Activity Questionnaire. This questionnaire has been reported to provide a valid and reliable estimate of physical activity. 2 Participant selection in the control group was based on the same criteria as the experimental group except that the former had no history or diagnosis of knee disorder, trauma, or pain with the activities listed above. Participants were recruited from the University of Southern California's campus community through advertisement flyers and personal communication with the primary investigator.
Image Acquisition and Analysis
Imaging was performed with a 3.0-T magnetic resonance (MR) scanner with an 8-channel knee coil (General Electric Healthcare, Milwaukee, Wisconsin). Axial images were obtained with a fat-suppressed 3-dimensional fast spoiled gradient-echo sequence with the following parameters: repetition time, 16.3 milliseconds; echo time, 2.8 milliseconds; flip angle, 10°; matrix, 512 3 512; field of view, 16 3 16 cm; slice thickness, 2 mm; scan time, 1 minute, 59 seconds. In addition, T2 relaxation times were obtained from a 9-section, 4-echo sequence with a repetition time of 1800 milliseconds and 4 echo times evenly spaced over a range of 20 to 80 milliseconds (matrix, 384 3 192; field of view, 16 3 16 cm; slice thickness, 4.0 mm; intersection gap, 2.0 mm; scan time, 3 minutes 14 seconds). For all scans, participants were positioned supine with their knees fully extended and quadriceps relaxed.
Before imaging, participants were brought to the imaging center and instructed to lie supine (ie, nonweightbearing) for 1 hour. This was done to control for load-induced compression of the articular cartilage. 12 Only the painful side was imaged in the PFP group. The side evaluated in the control participants was matched to that of their counterparts in the PFP group. Imaging was performed before exercise (baseline) and immediately after each volunteer performed 50 deep knee bends (postexercise). Participants performed the knee bends within a period of 100 seconds (0.5 Hz) while wearing a weighted vest equal to 25% of their body weight. Under the visual monitoring of the principal investigator, participants performed the knee bends with heels resting on the floor, to a depth where the thighs were parallel to the floor (approximately 110°of knee flexion). Immediately after completion of the 50 knee bends, participants were repositioned within the scanner, and the follow-up scans were obtained. A postexercise scan was performed within 2 minutes of completing the exercise session.
With use of a commercial software package (Sliceomatic, Tomovision, Montreal, Quebec, Canada), the axial MR images were manually segmented to distinguish the patellar cartilage from the surrounding bone and soft tissues ( Figure 1A ). With a custom MATLAB code (Mathworks, Natick, Massachusetts), pixels representing the cartilage surfaces were identified, and the mean thickness of the patellar cartilage was then determined as the average length of the perpendicular vectors connecting the pixels representing the subchondral bone surface to the joint surface ( Figure 1B ).
T2 relaxation times were calculated from the axial multiecho images of the patella using a linear least squares curve fitting routine (ImageJ software, National Institutes of Health, Bethesda, Maryland). The analysis was performed on a pixel-by-pixel basis ( Figure 2 ). T2 relaxation times of the pixels representing the major weightbearing portion of the patellar cartilage plate were averaged from the middle 3 axial slices of the patella (ie, the image containing the largest patella cross section and the slices immediately superior and inferior).
The postexercise variables of interest, including the percentage change in patellar cartilage thickness and T2 relaxation time, were quantified with the following equation: percentage change = [(baseline 2 postexercise)/baseline] 3 100. In addition, the baseline and postexercise change in cartilage thickness and T2 relaxation time were evaluated for the medial and lateral facets. The median ridge of the patella served as the point of separation between the medial and lateral facets.
A single investigator performed all MR measurements. To determine whether reliable data could be obtained with respect to cartilage thickness and T2 relaxation time, measurements were repeated on 5-image sets. Repeated measurements were made on 2 days at least 7 days apart. The coefficient of variation and the standard error of measurement for each variable are reported in Table 2 .
Differences in the baseline patellar cartilage thickness and T2 relaxation time, as well as the postexercise change in cartilage thickness and T2 relaxation time, were compared between groups with independent-sample t tests. All analyses were performed with SPSS 15.0 using a significant level of P \ .05.
RESULTS
Baseline Patellar Cartilage Thickness
Compared with the control group, participants with PFP demonstrated statistically significant reductions in total patellar cartilage thickness (2.37 mm vs 2.76 mm, P = .04; Table 3 ) and lateral patellar facet cartilage thickness (2.40 mm vs 2.79 mm, P = .02; Table 3 ). No significant differences were observed for the medial facet cartilage thickness.
Baseline Patellar Cartilage T2 Relaxation Time
No significant group differences were observed for the baseline T2 relaxation time of the total patellar cartilage (Table 3 ). In addition, T2 relaxation time did not differ between groups for the lateral and medial facets.
Postexercise Change in Patellar Cartilage Thickness
When compared with the control group, participants with PFP demonstrated a significantly lower percentage change in cartilage thickness for the total patellar cartilage (4.44% vs 10.00%, P \ .01; Figure 3 ) and the lateral patellar facet cartilage (2.10% vs 8.91%, P \ .01; Figure 3) . No difference in the percentage change in cartilage thickness was found for the medial patellar facet.
Postexercise Change in Patellar Cartilage T2 Relaxation Time
No significant group differences were observed for the postexercise percentage change in T2 relaxation time of the total patellar cartilage. In addition, the percentage change in T2 relaxation time did not differ between groups for the lateral and medial patellar facet cartilage (Figure 4 ).
DISCUSSION
To absorb and distribute the joint reaction forces, which can approximate several times body weight, 1,44 the patellar cartilage must maintain a unique set of morphologic features and mechanical properties. The first objective of the current study was to test the hypothesis that young women with PFP exhibit reductions in patellar cartilage thickness, along with an increased T2 relaxation time, when compared with a group of age-, height-, weight-, and activity-matched controls. Consistent with our hypothesis, participants with PFP demonstrated significant reductions in average patellar cartilage thickness when compared with those who were painfree. However, no differences in T2 relaxation times were observed between the 2 groups.
The second objective of our study was to evaluate whether the patellar cartilage of individuals with PFP demonstrates a less adaptive response to an acute bout of lower extremity exercise when compared with that of those who are pain-free. Consistent with our hypothesis, women with PFP demonstrated significantly less cartilage deformation than the control group, as reflected by less pronounced changes in the postexercise patellar cartilage thickness. Contrary to our hypothesis, however, no group differences in postexercise T2 relaxation time change were identified. 
Differences in Baseline Patellar Cartilage Characteristics
Although changes in patellar cartilage thickness have been reported with advancing age 24, 27, 49 and as a hallmark of patellofemoral joint osteoarthritis, 5, 8 the possible role of such morphologic changes with respect to the causes of PFP has not been studied in detail. In general, articular cartilage plays an important role in the distribution of contact loads within the patellofemoral joint. To that end, it has been suggested that thinner cartilage experiences higher peak stresses when compared with thicker cartilage under the same loading conditions. 33 In our study, we observed an average reduction of 14% in total patellar cartilage thickness for participants in the PFP group. Specifically, the reduction in cartilage thickness in the PFP group was the result of thinner cartilage on the lateral patellar facet, given that no differences in medial facet cartilage thickness were observed. We believe that the observed differences in cartilage thickness in the PFP group are relevant because it has been reported that a 10% reduction in cartilage thickness can result in an 8% to 10% increase in peak cartilage stress. 33 It is conceivable that higher stresses resulting from the diminished cartilage thickness may contribute to the propensity for retropatellar pain during various weightbearing activities in this population. Our finding of reduced cartilage thickness in our PFP group is inconsistent with the results of Draper and colleagues, 9 who reported no differences in mean patellar cartilage thickness between women with PFP and pain-free controls. However, it is interesting to note that the decreased cartilage thickness observed in our females with PFP was similar in magnitude to that of the male participants with PFP reported by Draper and colleagues. 9 One possible explanation for the inconsistency between the 2 investigations may be related to the fact that the control participants in the current study were matched on the basis of a set of stringent a priori criteria known to influence cartilage morphologic characteristics. For example, patellar cartilage thickness can be influenced by age, 24, 27 body mass index, 5, 25 and level of physical activity. [23] [24] [25] 49 Failure to control for these factors may limit the ability to detect morphologic differences between groups. Furthermore, the current study evaluated cartilage thickness across the entire patellar surface, as opposed to distinct locations. Given that the entire patellar cartilage surface is loaded as the knee moves through its full range of motion, we thought that assessment of the entire retropatellar surface would provide a more comprehensive analysis of patellar cartilage changes.
The development of quantitative MR imaging techniques to assess changes in the extracellular matrix of articular cartilage provides a unique opportunity to noninvasively evaluate the biomechanical environment of joints. T2 relaxation time has been shown to be a sensitive parameter for the evaluation of cartilage water and collagen content changes as well as tissue anisotropy. 36 On the basis of the observation of elevated T2 relaxation times in the presence of cartilage damage, 10, 37 we hypothesized that the patellar cartilage of participants with PFP would exhibit elevated T2 relaxation times when compared with the control group. However, our results revealed that the baseline patellar cartilage T2 relaxation times were similar between the 2 groups. The lack of group differences in T2 relaxation time suggests that alterations in cartilage morphologic characteristics may precede changes in cartilage water content in relatively young persons with no clinical evidence of osteoarthritis (ie, crepitus or effusion). This finding is in contrast to what has been reported in older individuals with end-stage osteoarthritis. 10, 36 Alternatively, it could be argued that T2 relaxation time may not be sensitive enough to detect early cartilage pathologic changes owing to its limited dynamic range. 43 Because loss of proteoglycans from the extracellular matrix is one of the earliest events in the development of cartilage degeneration, 48 future studies should consider imaging techniques that provide information on the proteoglycan content of the cartilage (ie, T1r-weighted imaging).
Differences in Patellar Cartilage Deformation
The deformational behavior of the patellar cartilage in response to lower extremity exercise has been reported to be 6% in healthy volunteers. [16] [17] [18] In the current study, we observed patellar cartilage thickness changes of approximately 10% in our pain-free participants. The greater patellar cartilage deformation observed in our control group compared with that of previous studies may be explained in 2 ways. First, as opposed to previous investigations that reported average patellar cartilage deformation for men and women combined, our study included only women. Thus, the greater patellar cartilage deformations reported in the current study may reflect the known sex differences in cartilage relaxation properties in women. 19, 31 Second, while performing the deep knee bends, the participants in our study wore a weighted vest equivalent to 25% of body weight. Because patellar cartilage deformation is proportional to loading, 15 it is conceivable that the higher loading condition utilized in the current study could have been responsible for greater observed changes in postexercise patellar cartilage thickness.
When compared with the control group, participants with PFP demonstrated a lower postexercise percentage change in their patellar cartilage thickness. On average, persons with PFP exhibited a 4.4% change in their postexercise patellar cartilage thickness. The deformational behavior observed in our relatively young PFP group is similar to what has been reported in older adults. 27 Because the rates of cartilage morphologic change and fluid flux are highly correlated with the amount of deformation, 16, 17 the stiffer patellar cartilage behavior in our PFP participants may be indicative of differences in cartilage material properties. This observation has potential implications with regard to the causes of PFP, given that increased cartilage stiffness has been associated with elevations in the peak cartilage stress. 26 It is conceivable that higher stresses resulting from the reduced deformational behavior of the articular cartilage may contribute to activity-induced retropatellar pain commonly observed in this population.
To evaluate whether postexercise patellar cartilage deformation was associated with the reduced baseline cartilage thickness, a post hoc analysis was performed. Results revealed no association between the baseline total patellar cartilage thickness and the change in total cartilage thickness after exercise for both groups combined (r = .04, P = .86). Similarly, baseline lateral and medial patellar facet cartilage thickness was not associated with postexercise changes in lateral facet cartilage thickness (r = 2.28, P = .23) and medial facet cartilage thickness (r = 2.08, P = .74). As such, the amount of cartilage deformation after exercise cannot be explained by the initial thickness of the patellar cartilage.
Despite a significant difference in the percentage change in cartilage thickness between groups, no differences were observed in the percentage change in T2 relaxation time. This finding was unexpected because it has been reported that cartilage deformation reflects a net loss of fluid from the cartilage tissue. 17 That the control group demonstrated a greater percentage change in cartilage thickness without a concurrent greater percentage change in T2 relaxation time suggests that the relative rate of cartilage fluid flux was comparable between the 2 groups. Note, however, that the current study evaluated the residual change in T2 relaxation time after exercise as opposed to the actual change that would occur owing to joint loading during exercise. Given that the postloading scans were obtained several minutes after completion of the deep knee bends, it is unclear whether the rate of fluid reuptake after exercise may have had an influence on the reported postexercise values. Future studies should consider evaluating changes in the T2 relaxation time during loaded conditions to better describe the deformational behavior of patellar cartilage in response to loading.
Study Limitations
With respect to the findings of the current study, several inherent limitations must be taken into account. First, unavoidable deviations from orthogonality in the axial plane images may have produced small out-of-plane variations in our cartilage thickness measurements. However, every effort was made to visually align the images perpendicular to the joint surface during MR acquisition. Although minor variations in the T2 values may have occurred owing to the collagen fibril anisotropy with respect to the main magnetic field (ie, magic angle effect), 36 it is unlikely that the ''magic angle effect'' accounted for the lack of group differences in patellar cartilage T2 relaxation time, given that the influence of cartilage orientation has been reported to be relatively small with respect to this parameter. 38 Another limitation of our study was the use of a 4-echo sequence to assess T2 relaxation times. Future investigations should consider using a higher number of echo times to improve accuracy of this measure. In addition, the fact that we evaluated T2 on only 3 slices as opposed to the entire articular surface may explain discrepancies with previous studies that reported changes in T2 relaxation times postexercise. Finally, our findings may not be generalized to the entire PFP population, because our study included only a subset of patients with retropatellar pain based on a set of stringent criteria. Patellofemoral symptoms will vary considerably in intensity and location depending on the duration of symptoms and the structures involved. 42 As such, our results may be relevant to only a specific subgroup of patients.
CONCLUSION
Women with PFP exhibited significant reductions in patellar cartilage thickness and less postexercise patellar cartilage deformation when compared with pain-free controls. In light of these findings, it is reasonable to assume that the observed differences in the PFP group may reflect differences in the structural and material properties of patellar cartilage in this population. We believe that the finding of thinner patellar cartilage in the presence of PFP symptoms is important because reductions in cartilage thickness are commonly considered the initial pathologic findings in development of osteoarthritis. 6, 7, 40, 41 In addition, a longterm history of PFP has been linked to a higher incidence of patellofemoral joint osteoarthritis in older adults, 47 suggesting that the presence of PFP symptoms may be an indicator of abnormal patellofemoral joint loading and cartilage changes over one's lifetime. Our findings support the need for interventions aimed at improving patellofemoral joint mechanics and thus potentially decreasing the rate of cartilage changes in persons with PFP.
